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Bio-Cooperative Robotics:  
Controlling Mechanical, Physiological and Mental Patient States 
 
R. Riener, Member, IEEE, A. Koenig, Student Member, IEEE, M. Bolliger, M. Wieser,  
A. Duschau-Wicke, H. Vallery  
Abstract—In classical man-machine interfaces, biomechanics 
of the human form a part of the underlying control loop. 
However, integrating the human into the loop can be 
considered not only from a biomechanical view but also with 
regard to psycho-physiological aspects. Biomechanical 
integration involves ensuring that the system to be used is 
ergonomically acceptable and “user-cooperative”. Psycho-
physiological integration involves recording and controlling the 
patient’s physiological reactions so that the patient receives 
appropriate stimuli and is challenged in a moderate but 
engaging way without causing undue stress or harm. In this 
paper, we present examples of biomechanical and psycho-
physiological integration of patients verified with the gait robot 
Lokomat and the dynamic tilt and stepping device Erigo.  
I. INTRODUCTION:  
MULTI-MODAL INTERACTIONS OF THE HUMAN IN THE LOOP 
EVERAL conventional rehabilitation devices work with 
patients in a “master-slave” relationship, thus, forcing 
the patients to follow a predetermined motion without 
consideration of voluntary efforts. The patient or therapist 
just presses a button or moves a joystick, and a primitive “if-
then” algorithm executes a predefined unilateral 
(feedforward) action on the human. This action can be the 
execution of a movement with the support of a machine, or 
the display of audiovisual information. During such 
unidirectional communication, biomechanical and psycho-
physiological effects on the human are not taken into 
account for subsequent actions. Thus, the loop is not closed 
by the human in order to adjust the device to the 
biomechanical or physiological state of the patient, or his or 
her behavior and intention. The possibilities of the human to 
intervene are reduced to “initiation” and “perturbation”.  
In contrast, novel rehabilitation technologies offer a new 
approach by placing the human into the loop, where the 
human is more than just the sender of a discrete command to 
a device and the receiver of a device action. The human 
closes the loop and feeds back the biomechanical and 
physiological information continuously to a processing unit. 
The interaction becomes bi-directional and the technical 
system takes into account the patient's physics, intentions 
and actions. Integrating the human into the loop can be 
considered from biomechanical, physiological and even 
psychological viewpoints (Fig. 1).  
Biomechanical integration involves ensuring that the 
system to be used is safe, ergonomically acceptable and 
“user-cooperative”. Thus, with respect to rehabilitation 
robotics, the robot assists just as much as needed so that the 
patient can contribute to the movement with own voluntary 
effort. Psycho-physiological integration involves recording 
and controlling the patient’s physiological reactions so that 
the patient receives appropriate stimuli and is challenged in a 
moderate but engaging and motivating way without causing 
undue stress or harm.  
 
 
 
      Fig. 1. The human is in the loop with respect to 
biomechanical (black), physiological (red) and psychological 
aspects (green). 
II.  HUMAN BIOMECHANICS IN THE LOOP 
2.1 Path Control: User-Cooperative Control of Motion 
Classical control algorithms for rehabilitations robots such 
as the Lokomat (Fig. 2) track a predefined movement 
trajectory, thus, they disregard the activity of the human 
subject. The human may remain passive during this kind of 
training [1]. In contrast, new results indicate that training 
efficacy can be increased by challenging active participation 
of the human. This is the aim of the user-cooperative Path 
Control strategy [2], where the human is enabled to 
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influence the movement of the robot and to perform 
individual motion patterns in a self-determined way – 
receiving just as much support as needed. 
The Path Control strategy is based on an impedance 
controller that moves the leg along a predefined reference 
trajectory with an adjustable impedance force [3]. In the Path 
Controller the time-dependent walking trajectories are 
converted to walking paths with free timing. This is 
comparable to compliantly coupling the patient’s feet to 
rails, thus, limiting the accessible domain of leg postures, 
which can be expressed as a function of hip and knee angle. 
Along these “virtual rails”, which form a template for 
possible motions in space, the patients are free to move on 
their own. 
 
 
 
Fig. 2. Human subject training with the Lokomat robot (Hocoma 
AG, Volketswil, Switzerland). 
 
 2.2 Evaluation of the Path Controller  
We tested the Path Control strategy on 12 subjects with 
incomplete spinal cord injury. The subjects were actively 
trying to match desired movements presented to them via a 
visual display. Additionally, subjects performed the same 
task with the classical position control mode of the Lokomat. 
The angles of the hip and knee were recorded by the sensors 
of the Lokomat (Fig. 3). Data was cut into single strides and 
normalized in time to 0–100% of the gait cycle. For each 
instant of the gait cycle, the mean and the standard deviation 
of the joint angles were calculated. After walking under the 
different conditions, subjects rated the influence they had on 
their movements and the effort they had to make on a visual-
analog scale ranging from 0 to 10. The ratings for the two 
different conditions were compared using a Kruskal-Wallis 
nonparametric ANOVA at a 5% significance level [4].  
The subjects produced walking trajectories that 
qualitatively match the spatial path of the desired walking 
pattern (Fig. 4). During stance phase (0-60% of the gait 
cycle), subjects systematically showed more knee flexion 
than the desired pattern. Largest variance occurred during 
swing phase and load response. The subjects had the 
impression to have significantly more influence on their leg 
movements and to train with significantly more effort with 
the path control strategy than with position control (Fig. 5). 
 
 
 
 
Fig. 3: The human in the biomechanical control loop. The user-
cooperative controller provides a training environment, where the 
human can actively control his/her movements. A visual display 
provides feedback about the quality of the movement (deviation 
between desired and actual one). 
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Fig. 4: Desired trajectory (solid line) and mean resulting trajectory 
+/- standard deviation (shaded area) of 12 subjects with incomplete 
spinal cord injury walking with position control (left column) and 
path control (right column). 
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Fig. 5: Subjective ratings of effort and influence on leg movements 
during training reported by the 12 subjects with incomplete spinal 
cord injury. 
 
2.3 Discussion on the Feasibility of the Path Controller  
The results show that the subjects were able to freely 
influence their movements within the spatial constraints of 
the desired walking pattern. Although the controller leaves 
maximum freedom, it still ensures functional gait in critical 
situations. Particularly during stance phase, where subjects 
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were not able to keep their knee joints extended, the 
controller assisted the subjects by keeping them within the 
region around the spatial path of the desired walking pattern. 
Thus, the user-cooperative Path Control strategy provides a 
safe training environment and makes the human an active 
agent in the biomechanical control loop of the gait 
rehabilitation robot Lokomat.  
III.  PHYSIOLOGY IN THE LOOP 
3.1 Heart Rate as Function of Posture and Mobilization 
Body posture (inclination) and mobilization (stepping 
movements) have an influence on the cardiovascular system 
[12]. Cardiovascular adaptation depends on the proper 
interplay of the hemodynamic circulation system and the 
reflex mechanisms that maintain blood pressure homeostasis 
[5, 6]. Thus, heart rate (HR) and heart rate variability (HRV) 
change with body posture and mobilization. Controlling HR 
(and HRV) can be important to limit stress and arousal 
during motor treatment. The dynamic tilt table Erigo 
(Hocoma, Switzerland) is used to investigate and control the 
relationship between body posture, stepping frequency and 
heart rate. Subjects are tightly fixed to the Erigo by a belt 
system. They can be tilted between an inclination angle αtilt 
of 0° and 76° and stepping frequencies fstep of up to 80 steps 
per minute can be performed (Fig. 6). The HR is extracted 
online from the ECG signal, which was acquired by a 
PowerLab amplifier (ADInstruments, Germany). 
 
3.2 Heart Rate Model 
In a first step, the behavior of the HR response as function 
of inclination angle and stepping frequency was modeled. A 
non-linear Multi Input Single Output dynamic model was 
designed, with the two inputs αtilt and fstep, and the HR as an 
output (Fig. 7). High and low dynamics of the heart rate HR 
were modeled separately. The high (fast) dynamics were 
modeled by a 2nd order differential equation of the input tilt 
angle αtilt. The low (slow) dynamics were modeled by a 
weighted sum of static nonlinear functions of the two input 
variables, followed by a linear dynamics. The parameterized 
nonlinearities are of sigmoidal shape, and the dynamics were 
described by a 2nd order delay element. The global optimum 
of parameters for nonlinearities and dynamics was found by 
a one-step Least Squares identification method. Steady-state 
values for HR are used for subject-specific scaling to reduce 
the effects of inter-subject variability. 
Fig. 8 shows the HR during different tilt angles (fstep=0). 
In general a distinct correlation between tilt angle and 
resulting HR can be seen. In the experiments, the step 
response of the tilt angle leads to an overshoot, continued by 
a light increase until a steady state is reached. After setting 
the tilt angle back to 0°, also the HR drops to the original 
value. The predicted data of the model generally stays within 
the range of the standard error (average value of the standard 
error: ±3 bpm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Dynamic tilt table Erigo with the input tilt angle αtilt and 
stepping frequency fstep as well as the measured ECG signal. 
 
 
 
 
Fig. 7: HR Model with 2 inputs αtilt and fstep. Baseline and maximal 
values of HR are used for subject-specific scaling. 
 
3.3 Heart Rate Controller 
An inverse dynamic human cardiovascular model in 
combination with a proportional controller determines the 
required angle αtilt to track a desired heart rate (“Model-
based controller” in Fig. 9).  
 
 
Fig. 8: Averaged physiological reactions of 8 healthy subjects with 
standard error (thin lines) and the predicted data of the model (thick 
blue line) during different tilt angles. 
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Fig. 9: Heart rate control strategy (derived from Fig. 1) 
 
A simplified version of the HR controller was evaluated 
by a preliminary experiment with a single healthy subject. 
The desired HR was given as a step function, with a step 
from 0 to 72 bpm after 30 s (Fig. 10). Following the inverted 
model within the controller, the tilt angle of the Erigo 
initially increased to 36°, and the HR responded with an 
overshoot. It can be seen that the measured HR responds to 
changes in the tilt angle with a short delay. The controller 
adjusts the tilt angle in such a way that the measured HR 
settles down to the desired average HR of 72 bpm after a few 
minutes. 
 
 
Fig. 10: Result of an HR control experiment with varying tilt angle 
αtilt (adopted from [13]).  
 
3.4 Discussion on the Feasibility of Heart Rate Control  
In this single experiment, it was possible to control HR by 
means of the tilting angle αtilt. In the meantime, further 
results were obtained showing that heart rate can be 
influenced within a rather large range not only by varying 
posture but also by varying stepping frequency. In the future, 
we will investigate also the effects on blood pressure and 
other physiological quantities. Controlling cardiovascular 
and other signals with mechanical inputs such as posture and 
movement may have a great potential for the treatment of 
patients during motor rehabilitation as well as for the 
monitoring of patients in the intensive care unit. 
IV. PSYCHOLOGY IN THE LOOP 
4.1  Controlling Mental States via Physiology 
In several therapeutic training applications, there is the 
desire to identify the actual mental state, in order to assess 
whether the patient is bored or engaged, or even stressed. 
Controlling the mental state would be desirable, because it is 
known that high motivation and active participation can 
enhance motor learning and, thus, the rehabilitation outcome 
[7]. In our approach, we try to control the desired mental 
state by monitoring and controlling respective physiological 
quantities during robotic gait training (Figs. 1, 11). The 
mental state of a subject is reflected in numerous 
physiological signals affected by the autonomous nervous 
system. We selected heart rate (HR) and heart rate variability 
(HRV) obtained by electrocardiogram recordings (ECG) [8], 
skin conductance 
 
response (SCR) [9], skin temperature, breathing frequency 
and joint torques (Table I). Other physiological signals 
(EEG, EMG, spirometry, eye movements) were tested but 
omitted as recording turned out to be too cumbersome or not 
reliable.  
All these signals are defined as human “output” signals 
during a Lokomat training intervention. Input signals are 
stimuli that are provided to the human during the training 
intervention. They include motor aspects (e.g. treadmill 
speed, body weight support) as well as audiovisual stimuli 
provided by an audiovisual display. The relationships 
between input and output signals are currently being 
established experimentally. Once these relationships are 
known, we intend to control the physiology and, thereby, 
also particular mental states that can be related to these 
physiological states.  
A probably simpler alternative would be to use all the 
recorded output signals in order to determine a single 
artificial “engagement variable” that is related to the 
participation and motivation of the patient. Thus, the state 
interpreter (Fig. 1) would than act as observer that yields 
only one variable as control variable. First control 
experiments are planned for the near future, after 
investigating the input-output relationship of the complete 
virtual reality setup including the human subject.  
 
 
TABLE I 
OVERVIEW ON THE RECORDED SIGNALS USED FOR DETERMINATION OF PSYCHOLOGICAL STATES  
Signal ECG SCR Skin  
temperature 
Breathing Joint  
torques Time Frequency 
Quantity Mean heart rate 
(HR) 
Spectral power of 
HR variability 
No of skin 
response events 
Mean, std Mean  
frequency, std 
Magnitude 
Psychological 
interpretation 
Physical effort Arousal Mental workload, 
arousal 
Valence Arousal Physical effort 
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Human 
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Fig. 11: Signal flow of the experimental setup derived from Fig. 1. 
The inputs to the system human/Lokomat are external stimuli which 
cause changes in recorded physiological signal output. 
 
 
4.2 Evaluation of Mental State Control  
Understanding the effects of physical and mental stress on 
the physiological signals is the first step towards control of 
psychology via mental states. We provoked different 
physical and mental stress situations by providing external 
stimuli and observing different physiological outputs in 7 
healthy subjects. Mild physical stress was produced by 
walking in the Lokomat without any additional display and 
by walking in the Lokomat while playing a virtual soccer 
game against a virtual opponent. Mental stress was produced 
by letting the subject perform mental arithmetic tasks. Data 
was recorded at these five (randomized) conditions:  
1) standing,  
2) walking,  
3) walking and soccer (Fig. 12),  
4) standing with arithmetic task, and  
5) walking with arithmetic task.  
Results showed that the number of SCR events increased 
significantly when subjects had to perform mental arithmetic 
tasks [9], whereas skin temperature decreased significantly 
during mental arithmetic tasks. HR increased with physical 
load, but it also increased with mental workload [10]. 
 
TABLE II 
EFFECTS OF MENTAL & PHYSICAL LOAD ON PHYSIOLOGICAL PARAMETERS 
 SCR 
events [-] 
HR 
[1/min] 
Skin 
temp. 
Breathing 
frequency 
[1/min] 
Standing 
(baseline) 2±1.3 74±12.1 → 12±3.9 
Walking 8±7.0 89±17.4 ↓↑ 20±3.8 
Walking 
and soccer 20±13.4 
109±17.
6 ↓↑ 26±6.0 
Standing & 
arithmetic 
task 
25±7.5 100±24.4 ↓ - 
Walking & 
arithmetic 
task 
25±10.8 91±19.4 ↓ - 
 
 
4.3 Discussion on the Feasibility of Controlling Mental 
States on the Lokomat 
The isolated findings are congruent with the literature: 
Both heart rate and SCR events increase with physical or 
mental workload. The interesting observation is that physical 
activity in the Lokomat does not occlude the effects of 
mental workload. However, many results on single measures 
(e.g. HR, breathing frequency) of these preliminary tests 
were not significant enough, mainly, because the virtual 
scenarios were partially too weak.  
Therefore, further open loop experiments (Fig. 11) have to 
be done in order to examine the effects of Lokomat 
parameters like the guidance force, amount of body weight 
support and treadmill speed on the physiological signals of 
the subjects. Furthermore, also the influence of different 
improved virtual environments and special tasks on the 
human has to be studied.  
Physiological closed loop control needs to be achieved 
after investigation of the open loop system. Developments of 
physiological models of e.g. the heart rate as a function of 
Lokomat parameters are necessary not only to perform 
model based control of physiological signals. Model based 
heart rate controllers were already successfully implemented 
in the Erigo stepping device (chapter 3.1) and are currently 
developed for the Lokomat [11].  
Furthermore, it will also be important to differentiate the 
physiological effects of physical stress (motor effort in the 
Lokomat) and psychological stress (e.g., cognitive challenge 
or anxiety during VR task). This will require establishing a 
relationship between changes of the physiological signals 
and the current mental state. It has been experimentally 
shown, which changes in physiology correspond to which 
changes in the mental state. For example, an increase in SCR 
is correlated with increased mental stress. Such information 
will result in a psychological model, which will link changes 
in physiology to changes in psychology, thus determining 
the mental state interpreter (Fig. 1). 
 
 
Fig 12: Screenshot of the soccer scenario. Visible is the player 
(white jersey) and the opponent (red jerseys) 
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Finally, we will close the loop around the subject (Fig. 1) 
and interactively adapt the Lokomat and the virtual 
environment to the individual subject in such way that the 
psycho-physiological state can be regulated to a desired level 
of engagement and motivation. This level should be just in 
the right band in order to avoid passivity on the one hand 
and stress on the other hand.  
V. GENERAL DISCUSSION AND CONCLUSION 
Placing the human into the loop can be considered from 
various viewpoints and realized for different applications. It 
can integrate controlling biomechanical, physiological, as 
well as psychological aspects of the human, who then 
represents the plant within the control system. In the 
biomechanical loop (chapter 2), the human even partially 
takes over the function of a controller. In several 
applications (chapters 2 and 4) the human-in-the-loop 
structure allows to optimize mechanical or mental 
engagement of the subject, thus, improving motivation. This 
has the potential to increase the training efficiency and 
therapeutic outcome. Other applications (chapter 3) 
guarantee that the patient is training in a safe region by 
keeping relevant physiological values such as HR or blood 
pressure in an appropriate range.  
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